Introduction
Freestanding thin films are used in a variety of microelectromechanical systems ͑MEMS͒-based applications such as micropumps ͓1͔, gas sensors ͓2͔, pressure sensors ͓3͔, microvalves ͓4͔, and microactuators ͓5͔. The performance of such MEMS-based systems is often linked to thermal conduction phenomena in the device. For example, in a thin-film microheater device, the response time and maximum temperature reached are functions of the heat capacity and thermal conductivity of the thin-film material. Thermophysical properties of thin films deviate significantly from the bulk-form value due to a variety of reasons including boundary effects ͓6͔. Apart from thickness, there is also a strong dependence on the method of deposition of the thin film ͓7,8͔ and on temperature ͓9,10͔. In situ thermophysical measurement is thus essential for accurate modeling and performance prediction of thermal-based microdevices.
There are a broad variety of electrical and optical methods for the measurement of thermal properties of thin films ͓11,12͔. Methods based on electrical heating are among the most popular and use either steady-state or transient heating. The steady-state electrical methods involve passing direct current through a metal heater and measuring the temperature rise, either by using a separate temperature sensor or by using the heater itself as a thermometer. The temperature rise may be used to determine the thermal conductivity of the material of interest using, for example, the Fourier law of heat conduction. Transient methods typically measure either the time response of the material of interest to a heating signal or the thermal response to sinusoidal heating generated by an alternating current. Apart from electrical methods, techniques based on other phenomena such as reflectance ͓13,14͔ and photoacoustics ͓15,16͔ have also been used.
The thermophysical properties of thin films deposited on a thick substrate of well-known thermal properties have been measured in a number of papers using a variety of methods ͓17-19͔. For example, the 3 method has been used to determine thin-film thermal conductivity by assuming the thermal resistances through the thin film and the substrate to add up in series ͓20͔. The thermal conductivity is then determined by measuring the thermal response of a film-on-substrate system and comparing it with the thermal response expected in the absence of the thin film. However, such a measurement does not take into account the thermal contact resistance between the thin film and substrate, which is known to play a significant role in heat transfer in microstructures. In addition, the heat capacity of the thin-film material cannot be measured using this method. While there is a wide literature on thermal measurements on a thin film deposited on a substrate, only a limited number of measurements have been made on freestanding thin films ͓21-23͔.
This paper develops a variation of the 3 method for a simultaneous measurement of in-plane thermal conductivity and heat capacity of freestanding thin films. The method is applied to silicon nitride and nickel titanium ͑NiTi͒ films of thickness near 1 m. NiTi is a shape memory alloy that has attracted much research in the MEMS community due to its interesting mechanical properties ͓24,25͔. The capability of shape memory alloys to recover large thermal strains has been used in actuation-based microdevices such as micropumps and microvalves. ͓1,5͔. The work output of thin-film shape memory based actuation is superior to other comparable actuation technologies ͓24͔. More recently, the excellent chemical resistance and biocompatibility of shape memory alloys have led to the development of exciting biomedical applications, including stents and drug delivery ͓26͔, tissue fixation ͓27͔, etc.
NiTi is a nearly stoichiometrically equal alloy of Ni and Ti. While NiTi has been widely used in its bulk form, its application to MEMS was long hindered by difficulties in depositing thin films of NiTi with accurately controlled stoichiometric ratio of Ni and Ti ͓28͔. This led to problems in reproducing the shape memory effect, which is extremely sensitive to the ratio of the constituent elements in the shape memory alloy. Robust techniques based on two-source sputter deposition have recently been developed for obtaining good quality thin films of NiTi ͓29͔. This, combined with other microfabrication capabilities makes thin-film shape memory alloys very attractive for actuation related MEMS applications, including micropumps, microgrippers, etc.
While the electric and mechanical properties of shape memory alloys have been well investigated, there has been relatively lesser work in characterizing their thermophysical properties. Since the actuation of shape memory microdevices occurs by temperature modulation due to electrical heating, the thermophysical properties of the thin-film shape memory material play an important role in determining its performance characteristics. While some thermal conductivity measurements of shape memory materials have been reported ͓30-32͔, none of this work addresses the thin-film form. Thus, an investigation of thermophysical properties of thinfilm shape memory alloys may lead to a better understanding of their thermomechanical behavior and the development of more accurate performance prediction tools for shape memory based microdevices.
The next section presents the derivation of the 3 response of a freestanding thin film to a sinusoidal electric current passed through a metal heater patterned on top of it. Design and microfabrication of MEMS-based freestanding thin-film structures are described next, followed by a discussion of the experimental data and comparison with the analytical model.
Theory
The 3 method ͓17͔ is a powerful tool for thermophysical property measurement and has been used extensively for a wide variety of materials including dielectrics ͓18,33͔, superlattice materials ͓34͔, complex alloys ͓19͔, etc. The 3 method is based on the temperature-dependent electrical resistivity of metals. A thin metal line is deposited on the material of interest, and a small sinusoidal electric current is passed through it. Since the electric current is sinusoidal at frequency , the resultant Joule heating, and hence the temperature of the metal line, has a component that oscillates at a frequency of 2. The amplitude of this temperature oscillation is a function of the heating power, geometry, and thermophysical properties of the material of interest. Thus, the measurement of the 2 temperature oscillation amplitude provides a means of determining the thermal properties of the material. This measurement is performed indirectly by measuring the 3 voltage induced due to the electric current that oscillates at frequency and the temperature-dependent electrical resistance of the metal heater, which oscillates at frequency 2. The two quantities are related by the following equation ͓17,35͔:
The 3 method was first used for measurements on a substrate that was much thicker than the thermal penetration depth of the thermal wave produced by the sinusoidal current. In this case, a semi-infinite assumption was used to simplify and solve the governing energy equation. This method fails for freestanding thin films since the current frequency would have to be unrealistically high to still satisfy the semi-infinite assumption. The 3 method has been modified for measuring thermal properties of thin films deposited on a substrate with well-known properties ͓20͔. In this case, the thermal resistances through the thin film and the substrate are assumed to add up in series. Thus, the temperature oscillation amplitude with the thin film exhibits a constant frequency-independent difference from the value expected if only the substrate were present. This difference is used to determine the thermal conductivity of the thin film. This method cannot measure the heat capacity of the thin film. In addition, the boundary thermal resistance between the thin film and substrate remains unaccounted for. Some work has also been done on using numerical simulations for applying the 3 method for freestanding thin films ͓36͔. However, the development of an analytical method for thermal measurements remains highly desirable. Consider the geometry shown in Fig. 1 . The thin-film membrane is supported all around by a substrate material. While the method outlined in this work may be used for any geometry, a rectangular membrane with dimensions 2a and 2b is considered in detail here. The thickness of the membrane is t m . A metal heater of width w and height h is patterned in the center of the membrane. w and h are both small compared to the membrane dimensions. Thus, heat transfer within the metal may be neglected and the metal heater may be treated as a line source of heat. The metal heater is assumed to carry sinusoidal electric current of amplitude I and frequency . The electrical resistance of the metal heater is R. The out-of-plane thin-film thermal resistance is assumed to be small compared to the in-plane thermal resistance, so that the thin film may be treated as isothermal in the z-direction. Further simplification may be obtained by assuming convection and radiation to be negligible compared to conduction in the membrane plane. Under these assumptions, the governing energy equation may be simplified to
where represents the temperature rise over the substrate temperature. Note that q m is the volumetric heat generation rate and ␣ is the thermal diffusivity.
In order to solve the energy equation, the membrane is divided into two equal parts separated by the metal heater. Thus the metal heater forms one of the domain boundaries, and heat generation in the metal heater may be modeled as a heat flux boundary condition. The membrane boundaries may be assumed to be isothermal due to the large thermal mass of the substrate material. Thus, the boundary conditions and initial condition for Eq. ͑2͒ may be written as ͑0,y,t͒ = ͑b,y,t͒ = ͑x,0,t͒ = 0
͑x,y,0͒ = 0
The governing energy equation derived here is a linear timedependent partial differential equation ͑PDE͒ with all homogeneous boundary conditions except one. In order to solve this PDE, the solution is assumed to be the sum of a steady-state component ss ͑x , y͒ corresponding to the steady component of Joule heating due to the sinusoidal current and a time-dependent component tr ͑x , y , t͒ that consists of the transient and sinusoidal terms. The 
͑6͒
The phase angle m,n may be expressed in terms of the input parameters as follows:
Note that in Eqs. ͑6͒ and ͑7͒ above,
Equations ͑4͒ and ͑5͒ represent the solution of the energy equation that governs the temperature profile on the thin-film membrane. The steady-state component of the temperature solution varies linearly with the input power, with the slope being related to the thermal conductivity of the thin film. The sinusoidal component oscillates at a frequency that is twice that of the heating current. In order to extract measurable quantities from this thermal model, the steady-state and sinusoidal temperature components are averaged along the heater by integration to yield the following average quantities for the metal heater:
While av represents the average heater temperature rise due to Joule heating, 2 represents the amplitude of the temperature oscillation at 2 frequency due to the sinusoidal nature of heating. Measurement of these quantities provides two equations from which two thermophysical properties, namely, thermal conductivity and thermal diffusivity ͑or heat capacity͒, may be determined. Note that only thermal conductivity appears in the equation for av . It is relatively easier to measure av and 2 indirectly by measuring the related voltage harmonics. The relationship between the temperature quantities and voltage harmonics is as follows:
Note that from Eq. ͑9͒,
i.e., at large frequencies, the temperature oscillation becomes too small to be measured accurately, while at the low frequency end, it is a weak function of frequency. The temperature oscillation is most sensitive to frequency in a specific frequency window where is comparable to ␥. Physically, the high frequency behavior is explained by the fact that at large frequencies, the thermal penetration depth becomes comparable to the membrane thickness, as a result of which the boundary condition at the other side of the thin film begins to play an important role in the heat transfer problem. On the other hand, at low frequencies, the thin film has sufficient time to equilibrate, and thus the sinusoidal effect of the heating current is lost, resulting in the loss of sensitivity of the temperature oscillation to frequency.
The next section discusses the design and microfabrication of freestanding thin-film structures using MEMS technology. Thermophysical measurements using the analytical model derived in this section are described next.
Microfabrication and Experimental Setup

Design and Microfabrication.
Freestanding thin-film structures based on MEMS technology are designed and microfabricated. Two thin-film materials are investigated-silicon nitride and NiTi. Some of the important design considerations for the thin-film structures include the material and film thickness, and the dimensions and material of the metal features. Freestanding thin films of materials such as silicon oxide tend to crumple and often break due to the high compressive stress in the oxide films. On the other hand, silicon nitride films do not show this behavior due to the tensile stress in these films. However, if the tensile stress in the films is too high, they may be prone to cracking. It is well known that the residual stress in deposited films may be controlled by changing the chemical composition of the film.
The metal heaters patterned on top of the thin film are designed to be 10 m wide and 0.1 m thick. These dimensions ensure high electrical resistance and reasonably low current density during operation. The film is chosen to be around 1.0 m thick in all experiments in order to have sufficient mechanical robustness when released from the substrate. While NiTi is inherently compressive in nature, the process conditions for silicon nitride are chosen in order to result in a film with a small amount of tensile stress.
Microfabrication is carried out at the Stanford Nanofabrication Facility ͑SNF͒. 4 in., 300 m thick, double side polished Si wafers are used. A thin layer of thermal oxide is first grown on the wafers in order to electrically passivate the thin film of interest from the silicon substrate. This step is omitted when the thin-film material is an insulator. This is followed by deposition of the thin film of interest. The silicon nitride film is deposited in a low pressure chemical vapor deposition ͑LPCVD͒ furnace at 850°C. A high ratio of dichlorosilane to ammonia of 14:1 ensures a silicon-rich film with low residual tensile stress. The NiTi film is sputter deposited at less than 100°C in an argon atmosphere at a base pressure of 10 −7 Torr. Following the film deposition, the wafers are annealed at 500°C in vacuum for a few minutes and allowed to cool down to room temperature. NiTi deposition is carried out by the TiNi Alloy Company, San Leandro, CA. Phase transformation temperature of the sputtered NiTi films is around 0°C. Following sputtering, the NiTi film is passivated by a 0.4 m low temperature oxide ͑LTO͒ film deposited in a LPCVD furnace at 400°C. 0.1 m aluminum is then sputtered on the wafers. Metal features are defined using photolithography and metal etch in a plasma etcher. Front-to-backside photolithography is then performed in order to define features to be etched on the wafer backside. Following the attachment of a backing wafer using photoresist, the wafers are etched from the backside in a deep reactive ion etcher. Due to nonuniform etching across the wafer, the etching is stopped when about 10-20 m silicon is left, and the wafers are diced. Individual devices are then separately etched to completion. This minimizes overetching of the thin film of interest. Photoresist is washed off in acetone, and individual devices are packaged in a ceramic chip carrier. Electrical contact pads are wire bonded. Figure 2 shows a picture and scanning electron micrograph ͑SEM͒ of a silicon nitride thin-film structure microfabricated in this manner. Note that the film is stretched out due to the residual tensile stress in silicon nitride. On the other hand, NiTi is compressive in nature, and thus the NiTi thin films are wavy in nature, as shown in Fig. 3. Figure 4 shows a schematic of the experimental setup used for thermophysical characterization of freestanding thin films. The setup consists of a vacuum chamber with a temperature-controlled platform. A proportional-integralderivative ͑PID͒ controller maintains the desired platform temperature using liquid nitrogen and a Joule heater. The ceramic package carrying the MEMS device is attached to the platform. Wires soldered to gold pads on the ceramic package are used to electrically probe the MEMS device. The chamber is connected to a vacuum pump capable of delivering a pressure of 10 mTorr. All experiments are performed at 10 mTorr or less in order to rule out convective effects. Radiative losses are also negligible due to the small temperature rise in the samples. An SRS 830 lock-in amplifier is used for supplying sinusoidal electric current and for measuring voltage harmonics V and V 3 generated across the metal heater. An HP 3458A multimeter is used for current measurement. Since the third harmonic of voltage is much smaller than the first harmonic, an accurate measurement of the former requires the arrangement of the metal heater as one of the arms of a Wheatstone bridge. The bridge is balanced using a variable resistor arm. The third harmonic of voltage is then easily measured across the balanced bridge, while the first harmonic of voltage is directly measured across the metal heater.
Experimental Setup.
Results and Discussion
As a first step, the electrical resistance of the metal heater is measured as a function of temperature. The test current is chosen 
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Transactions of the ASME to be small enough to not cause significant self-heating. As shown in Fig. 5 , the electrical resistance is found to be a linear function of temperature, with a temperature coefficient of 0.0022 K −1 . Next, the heater temperature rise is measured as a function of heating power. Figure 6 shows a plot of the average temperature rise as a function of the heating power. As expected, the average temperature rise has a linear dependence on the heating power. There is a good agreement between experimental data and the analytical model presented in Sec. 2. Thermal conductivity of the freestanding thin film may be determined from the slope of the least-squares fit of the analytical model to the experimental data. Once the thermal conductivity has been determined, the amplitude of 2 temperature oscillation is measured and plotted as a function of the frequency of the electric current. As shown in Fig. 7 , there is a good agreement between the experimental data and the analytical model represented by Eq. ͑9͒. The temperature oscillation is most sensitive to frequency in a window of roughly 40-1000 Hz. With the thermal conductivity already determined using the average heater temperature rise, least-squares fitting of experimental data for the 2 temperature oscillation is used to determine the thermal diffusivity of the thin film. Heat capacity of the film can also be determined by combining the two measurements. Using the temperature-controlled platform, the measurements are repeated over a large temperature range, thus yielding temperature-dependent data for thermal conductivity and heat capacity of the freestanding thin film. 10 minutes are allowed before each measurement in order for the temperature to become steady. Figure 8 shows a plot of the thermal conductivity and heat capacity of a 1.5 m silicon nitride film between −200°C and 200°C. Both thermal conductivity and heat capacity increase with temperature, with the temperature dependence of thermal conductivity being stronger. This measured temperature data are consistent with previous measurements ͓18,38͔.
The experimental procedure is also used for thermophysical characterization of thin-film NiTi. Figure 9 shows the thermal conductivity and heat capacity of 1.7 m thick NiTi film over a temperature range of −40°C and 40°C. Thermal conductivity of NiTi is observed to increase linearly as a function of temperature. On the other hand, heat capacity increases with temperature from −30°C to about 0°C, following which it remains constant. This may be related to the phase change that occurs in the NiTi film at around 0°C. While the heat capacity of one of the NiTi phases increases with temperature, the other phase has a much weaker temperature dependence of the heat capacity. Table 1 summarizes the room-temperature measurements of thermal conductivity and heat capacity of thin-film silicon nitride and NiTi.
Thermophysical measurements on thin-film shape memory alloys have not been reported in the past. The thermal conductivity of NiTi measured in this work is about 40% smaller than the well-known bulk value ͓30͔. The thermal conductivity reduction underlines the importance of measuring thin-film properties in situ instead of using previously measured bulk-form values when developing analytical or numerical models for predicting the performance of shape memory alloy based MEMS devices. The mechanism behind this significant reduction in thermal conductivity is currently under investigation. It is possible that this deviation from bulk value is due to a different stoichiometric composition compared to the previous work. Shape memory material properties are known to be extremely sensitive to composition. If the bulk samples used by Goff ͓30͔ were crystalline, it is possible that defects in the thin-film form, augmented by an offset in the stoichiometric ratio, may be playing a role in the thermal conductivity reduction. Uncertainty in the film thickness measurement is the largest source of uncertainty in the absolute measured value of thermal conductivity and heat capacity. Film thickness is measured using a Nanospec system based on noncontact spectroreflectometry. The expected error in film thickness measurements using the Nanospec is around 10%. In addition, error analysis shows that a higher electric current results in a lower uncertainty in the measured value of thermal conductivity and heat capacity. However, a higher electric current also leads to higher self-heating, which causes the averaging out of each measurement over a larger temperature range. A tradeoff between these conflicting parameters is reached by using a maximum electric current of around 0.5 mA and 6 mA for the silicon nitride and NiTi measurements, respectively, wherein the uncertainty in thermal conductivity and heat capacity measurements is around 12-15% and the maximum temperature rise in the thin film is limited to around 2°C.
Conclusion
The availability of accurate thermophysical data for thin-film materials plays an important role in the development of modeling tools for microsystems. The present work extends the 3 method to freestanding thin films and develops a technique for measuring both thermal conductivity and heat capacity simultaneously. The method presented here offers several advantages over other possible methods for measuring thermal properties of freestanding thin films. The measured value of the thermal conductivity of thin-film NiTi is significantly smaller than the bulk-form value, which reinforces the need for direct thin-film measurements instead of using bulk values when developing thermal models for microsystems. The thermophysical measurements on thin-film NiTi presented here are likely to throw new light on a promising material for MEMS. 
